The Limulus lysate assay was used to measure the endotoxin content in stream water and was found to reflect the degree of bacterial contamination as measured by coliform, enteric, gram-negative, and heterotrophic bacteria. The firm-clot method was found to be a less sensitive and reproducible technique for the detection of endotoxin than was 
, whereas gram-positive bacteria do not give a positive Limulus lysate test (13) . One investigator (4) did find that a viral ribonucleic acid gave a positive test in approximately the same concentrations as endotoxin.
The Limulus lysate assay was developed by Levin and Bang (10) , who observed that the in vitro coagulation of L. polyphemus amoebocytes was mediated by gram-negative bacterial endotoxin. Refinements of the assay have shown that as little as 1 pg of endotoxin per ml can be detected (17, 19) .
The present study was undertaken to test the applicability of the Limulus lysate assay as a rapid test of water quality and to correlate the amount of endotoxin in water with other measures of bacterial water quality.
MATERIALS AND METHODS
Description of sampling sites. The East Gallatin drainage system ( Fig. 1 ) starts out south of Bozeman, Mont., as high, pristine mountain streams (sites EF1, H3, and M3), which traverse the valley floor passing through agricultural (sites M4, H4, and H5) and urban areas (site M5). A mixture of primary and secondary sewage effluent enters the East Gallatin River about 13.3 km (0.8 mile) above site EG5. Site EG5a is located about 4.8 km (3.0 miles) downstream from the sewage outfall (OF2). The range of sites provided samples varying from clean snowmelt waters to those impacted by sewage pollution.
Bacterial enumeration. Grab samples for bacterial analysis were collected in 2-liter sterile Nalgene bottles. For sites OF2 and EG5, 2 ml of a 10% solution of sodium thiosulfate was added to neutralize any residual chlorine that may have been present. Samples for endotoxin analysis were collected in screw-cap culture tubes rendered pyrogen free by baking at 1800C for 4 h. Samples for endotoxin and bacterial analyses were collected simultaneously and held on ice until tested. All samples were tested within 6 h of collection.
Total coliform populations were enumerated by the membrane filter procedure on m Endo-MF agar (Difco Laboratories, Detroit, Mich.) (1) .
Heterotrophic bacteria were enumerated by the spread-plate technique employing the casein-peptonestarch medium (CPS) of Stark and McCoy (16) . After the plates were inverted and dried for 24 h at room temperature, they were stored at 40C for no longer than 48 h before use. Dilutions were made in 9-ml blanks of phosphate buffer (1) supplemented with 0.1% peptone, and inoculation was done by the spread-plate method. The (11) . The selectivity of ethyl violet in a CPS agar base was tested as before. Since not all of the gram-positive bacteria tested were inhibited, penicilin (Eli Lilly & Co., Indianapolis, Ind.) was incorporated into the medium. Selectivity of ethyl violet in conjunction with penicilin was tested as before. The final concentration of ethyl violet and penicillin found to be effective was 1.25 pg and 10 U per ml, respectively. The sensitivity of E. coli, Klebsiella pneumoniae, Enterobacter aerogenes, and ShigellafCexneri to ethyl violet-penicillin-casein-peptonestarch medium (EVP) was tested by diluting and plating 24-h cultures, grown in tryptic soy broth, onto EVP, CPS, and standard methods agar and incubating at 20°C for 7 days. Water samples were plated as described above on the EVP medium, and plates were inverted and incubated for 7 days at 20°C.
Endotoxin determination. To ensure against contamination and false reactions, all glassware was rendered pyrogen free by baking at 180°C for 4 h. Pyrogen-free distilled water (Cutler Laboratories, Inc., Berkeley, Calif.) was dispensed into pyrogen-free 250-ml flasks, covered with aluminum foil, and autoclaved for 3 h on the day it was used.
Linulus lysate was obtained in lyophilized form (Associates of Cape Cod, Woods Hole, Mass.). It was reconstituted immediately before use by the addition of 7.5 ml of pyrogen-free water and stored on ice during use. The lysate solution was clarified by centrifuging at 7,680 x g. Endotoxin preparations used in initial experiments included Westphal phenol extracts of E. coli 0111:B4 (Difco) and Klebsiella sp. ATCC-12833 (FDA). For the spectrophotometric determinations, E. coli 180-10 endotoxin (Associates of Cape Cod) was used. All were reconstituted with pyrogenfree distilled water to a stock solution concentration of 100 ng/ml. Twofold serial dilutions of the stock solution were made using a 0.1-ml Eppendorf pipette to obtain standard solutions ranging from 1 ng to 1 pg per ml. The disposable tips for the pipette were found to be pyrogen free as were the sterile polystyrene tubes (12 by 75 mm; Falcon Plastics, Oxnard, Calif.) used for dilutions and reaction tubes. Control tubes containing 0.2 ml of lysate and tubes containing 0.1 ml of pyrogen-free water plus 0.1 ml of lysate were run routinely.
Initial experiments were performed by the firm-clot method of Jorgensen and Smith (9) . Twofold serial dilutions of standard endotoxin or the water sample (0.1-ml volumes) were incubated with lysate (0.1 ml) for 1 h at 37°C in a circulating water bath. At the end of the incubation period, the tubes were slowly removed from the water bath and gently inverted 1800. The bacteriological and bound endotoxin profiles from two experiments are presented in Fig.  3 and 4 . Endotoxin concentrations were determined using the spectrophotometric technique. Except for site EG4 on 7/3/75 (Fig. 3) , each of the bacterial groups closely followed the bound endotoxin trends. This was true over the entire range of contamination from the very low bound endotoxin levels at EF1 (0.07 ng/ml) to the high levels observed in the sewage effluent (85.0 ng/ml). Trends similar to those depicted in Fig.  3 and 4 were observed for bacteria and total endotoxin as determined by the firm-clot technique and by the spectrophotometric method. However, the correlation coefficients using the clot procedure were lower than those obtained when using the spectrophotometric technique (Table 3 ). All the correlations were significant at the 1% level. The comparison may be clouded by having used membrane filters during the The spectrophotometrically determined total, free, and bound endotoxin concentration values are presented in Table 4 . On the average, the percentages of free and bound endotoxin remained fairly stable from site to site except for the sewage outfall (OF2) and the tap water sample. At these sites, chlorination appeared to have caused a decrease in the bound fraction due to increased destruction of bacterial cells.
Correlations between bacterial groups and endotoxin were modeled with linear regression using logarithmic transformations of the data.
Figures 5, 6, and 7 show the regression lines and correlation coefficients for heterotrophic bacteria, gram-negative bacteria, and coliforms versus bound endotoxin. Similar curves were obtained with the enteric bacterial group and with plots of the bacterial groups versus total endotoxin. Table 5 shows the correlation coefficients for both total and bound endotoxins versus bacterial groups and the regression equations. All the regressions were significant at the 1% level as determined by the t statistics. Some improve- spread-plate procedure. The correlations bebtained using the tween endotoxin fractions and gram-negative ,probably due to bacteria were improved through the use of EVP dotoxin standard medium, which was superior to crystal violet and the use of the agar in terms of enhanced recovery and selectivity. Further improvement in correlation coeffi-?n total, free, and cients (Table 3 ) and regression lines (Table 5 ) ,allatin drainage was obtained using the bound endotoxin fracZe LPS Bound LPS tions. This is reasonable because this fraction is g/ml) (ng/ml) 
